We noncovalently adsorbed N,N′-dimethylcasein (DMC) into a 384-well microplate followed by TG-catalyzed crosslinking of 5′-biotinamidopentylamine (BP) to the immobilized DMC. The biotin was next bound to 10 nm AuNPs-SA via streptavidin-biotin interactions. 6 Finally J-aggregation 2 of 1 or 2 on 10 nm AuNPs resulted in plasmonic fluorescent nanocomposites emitting absorption and fluorescence signals. 3 The intensity of these signals was proportional to TG activity. Our new HTS assay enabled fast, mix-and-measure and sensitive (5 ng, ~60 fmol) detection of TG catalysis and demonstrated the practical application of plasmonic fluorescent nanocomposites (elaborated in the Conclusions section).
Introduction
Plasmonic fluorescent nanocomposites are composed of fluorophores located on or in the vicinity of noble metal nanoparticles such as gold (AuNPs). 1 Plasmonic fluorescent nanocomposites are difficult to prepare due to the strong quenching effects of AuNPs. Recently, we reported the successful preparation and characterization of plasmonic fluorescent nanocomposites following the J-aggregation 2 of two different cyanine dyes (1 and 2) upon a wide range of AuNPs, including 10 nm AuNPs conjugated to streptavidin (10 nm AuNPs-SA). 3 Plasmonic fluorescent nanocomposites are an exciting area of research which will benefit from the demonstration of practical applications.
We utilized transglutaminase (TG) to demonstrate the application of plasmonic fluorescent nanocomposites by developing a new high-throughput screening (HTS) assay for this enzyme.
TGs are present in plants, animals and microorganisms where they play diverse roles including apoptosis, wound healing, extracellular matrix development, hemostasis and thrombosis. 4, 5 TGs catalyze the covalent crosslinking of primary amines to γ-carboxamide group of protein-or peptide-bound glutamines resulting in isopeptide bonds.
antibody adsorption. Being optically clear, these plates are suitable for absorption assays. Polystyrene 384-well white plates were from Perkin Elmer Life Sicences, Boston, MA (Catalog #6007299). Reaction buffer of 50 mM Tris-Cl, pH 7.5 was used for dissolving reagents and as the milieu during TG catalysis.
High-throughput screening (HTS) of TG catalysis
High-throughput screening (HTS) of TG catalysis was carried out as described previously. 7 Briefly, 50 μL of DMC (Mr, 25000) 8 solution was used to coat 384-well microplate overnight at 4 C. The DMC solution was discarded and the residual protein-binding sites of the wells were blocked using 120 μL/well of SuperBlock for 60 min at room temperature (~25 C). Then the SuperBlock solution was discarded and the wells were washed thrice using 120 μL/well of SuperBlock followed by three washes with reaction buffer. A cocktail of TG reagents was prepared in reaction buffer containing 10 mM CaCl2 and 5 mM DTT and the indicated concentrations of BP and TG in a final volume of 50 μL/well. Control reactions omitted TG or with EDTA replacing Ca
2+
. After TG catalysis, the reaction solutions were discarded and the wells were washed as described above. Then, 50 μL/well of 10 nm AuNPs-SA diluted in SuperBlock was added. Temperature (25, 37 C) or time (30 to 60 min) did not influence the extent of binding of 10 nm AuNPs-SA to biotin. The 10 nm AuNPs-SA solution was later disposed as nanomaterial waste. The reaction wells were washed with SuperBlock and H2O. Finally, 1 or 2 dissolved in methanol-water (20:80, v/v) was added to the wells. Red-shifted J-band absorption or fluorescence 2 from the plasmonic fluorescent nanocomposites 3 signaled TG catalysis. In the case of sequential addition, either 1 or 2 was first added to the reaction wells, fluorescence measurements were taken and the solutions emptied out. Then the wells were washed using methanol-H2O and H2O to remove as much of the cyanine aggregates as possible before probing with the different cyanine. Absorbance and fluorescence intensities (relative fluorescence units, RFU) were analyzed as described previously. 3, 7, 9 Fluorescence was measured using excitation/emission wavelengths of 500/592 nm (1 nanocomposites) and 630/700 nm (2 nanocomposites).
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Results and Discussion
Assay format
A characteristic of cyanine J-aggregation is that with increasing concentrations of the dye assembling on a fixed concentration of scaffold (AuNPs) or a fixed concentration of cyanine aggregating upon increasing concentrations of scaffold, there is a decrease in cyanine monomer absorption and a corresponding increase in the red-shifted absorption of the J-aggregates, which are also intensely fluorescent. 2, 3 A schematic of the HTS assay format for TG activity using plasmonic fluorescent nanocomposites is shown in Fig. 1 along with the structures of 1 and 2 J-aggregating on 10 nm AuNPs-SA. 3 Briefly, BP was crosslinked by TG to the glutamines of DMC immobilized/adsorbed in 384-well microplate wells. The biotin moiety of BP was then bound to the added 10 nm AuNPs-SA via the strong, noncovalent biotin-SA interactions. 6 Finally, J-aggregation of 1 or 2 upon AuNPs scaffold resulted in red-shifted J-band absorption and fluorescence. 3 Increased TG catalysis (by increasing the TG concentration and/or catalysis duration) will result in increased amounts of BP becoming crosslinked to DMC. This resulted in higher concentrations of the 10 nm AuNPs-SA binding to the BP. Increasing concentrations of 10 nm AuNPs-SA in turn led to increased cyanine J-aggregates formation 3 and consequently, brighter absorption and fluorescence signals.
Clear versus white plates
Both signal intensity and signal/background (S/B) values were lower when the reactions were carried out in clear plates relative to white plates (Fig. 2) . The linearity of all four tracings was however similar (correlation of coefficient, r 2 > 0.96). The results showed that for fluorescence measurements white plates were better. However, if the goal was to combine absorption (vide infra) and fluorescence measurements in a single plate format, then clear plates should be used. There may be several reasons for the lower fluorescence intensity and approximately 4-fold lower S/B values of clear plate reactions. Even though the clear plate was high protein binding, its DMC immobilization might yet be lower compared to white plates. Alternately, protein binding capacity of clear plate probably allowed the sorption of excess DMC to the plate well resulting in a decline in TG activity (vide infra).
The clear plate may also result in greater scattering as well as crosstalk resulting in the S/B being lower. Inter-well optical crosstalk occurs when a portion of the absorption or fluorescence signal generated by a "culprit" well bleeds over to an adjacent "victim" well, gets detected there as though the signal was emanating from that well, and contributes non-specifically to the signal intensity of the "victim" well. Light piping (lateral transmission of photons between wells) leads to crosstalk. Microwells that generate a high level of signal contribute more to crosstalk. Shorter wavelength signal possess greater energy and thus enhances crosstalk even further since such light leaks more easily through the walls separating the wells. These artifacts are increased with clear wells which have the highest crosstalk. With low crosstalk, false positive rate (FPR) is minimized even when the signal intensity is high.
The internal reflections from the white well walls enhance fluorescence emission intensity 10 leading to ~100-fold higher overall emission from white plate reactions (maximum, 54341 RFU) compared to clear plate reactions (maximum, 417 RFU) (Fig. 2 ). An optical brightener such as TiO2 is added to the polystyrene polymer formulation during the manufacture of the opaque, polished, smooth and bright surfaced white plates, resulting in an increase of the signal reflectivity from the well's surface toward the photomultiplier which detects most of the reflected light and maximizes the overall assay signal. The plastic of the white plate can also phosphoresce leading to increased emission. The magnitude of crosstalk with white plates depends on the concentration of TiO2 in the polystyrene formulation which along with wall thickness helps to attenuate crosstalk by blocking the transmission of optical energy across wells. Thicker well walls offer a greater barrier to crosstalk since it takes higher light energy to penetrate such walls. White plates can be "dark adapted" by storing them for a period of time (several minutes) inside the microplate reader's chamber or by simply covering with foil until measurements are taken. Since fluorescence is the gold standard, 9 we focused our attention on optimizing assay parameters using white plates with 1 and 2 plasmonic nanocomposites.
Optimization of TG reactants
The glutamine-donating protein substrate DMC showed a biphasic effect with TG activity increasing from 0.1 mg/mL DMC coated in microplate wells, reaching maximum signal strength with 2.5 mg/mL DMC (100 μM DMC), and declining at higher concentrations, when the reactions were probed using 1 nanocomposites. Based on these results, 2.5 mg/mL DMC was used to coat the wells in subsequent experiments. This concentration was close to the 5 mg/mL casein used by Kamiya et al. 11 and the 50 -100 μM DMC (1.25 -2.5 mg/mL DMC) used by Case et al. 12, 13 The activity profile of the glutamine-donating DMC substrate observed by us was similar to that obtained using a synthetic glutamine-peptide TG substrate.
14 In this study, the oligoglutamine synthetic peptide substrate also showed a biphasic effect with TG activity increasing between 0.2 to 10 μg/mL peptide and declining between 20 to 100 μg/mL. 14 We next examined the fluorescence signaling using two different concentrations of TG and titrated the concentration of BP. We observed maximal signal at 100 μM BP at both concentrations of TG regardless of whether 1 or 2 nanocomposites were employed for detection of catalysis (Fig. 3) . We previously found 100 μM BP to be the Km for TG and had used a five-fold excess BP (500 μM) for measuring TG activity. 7 We therefore used 500 μM BP in all subsequent experiments in the present work as well. We used 10 mM CaCl2 and 5 mM of DTT, since TG activity had been assayed using similar concentrations of these cofactors.
7,12-16
Optimization of plasmonic fluorescent nanocomposites
We obtained a biphasic dose-response profile with S/B increasing between 2.5 and 25 μM of 1 or 2 and declining thereafter up to 100 μM of the cyanine dyes. We concluded that 25 μM of 1 and 10 μM of 2 resulted in optimal formation of plasmonic fluorescent nanocomposites for signaling TG catalysis.
Relative standard deviations were < 20% in experiments conducted 42 days apart, indicating good intermediate precision. 9 These concentrations of 1 and 2 also yielded optimal formation of plasmonic fluorescent nanocomposites previously. 3 We also determined that 0.2 to 2.0 × 10 11 /mL of 10 nm AuNPs-SA was optimal for measuring TG activity via the formation of plasmonic fluorescent nanocomposites with both 1 and 2 dyes. These results too are reminiscent of our earlier work with 1 and 2 J-aggregating optimally upon 2 × 10 9 to 2 × 10 11 /mL concentrations of 10 nm AuNPs-SA. 3 
Reaction kinetics
As reported previously 3 and observed during the present work, /mL and the concentration of 1 was 50 μM. Fig. 3 Optimization of BP concentration. Increasing concentrations of BP were used for crosslinking to DMC (2.5 mg/mL) at 37 C for 30 min in a 384-well white plate. Open circles represent 1.5 μg/mL TG reactions probed using 25 μM 1. Closed circles represent reactions probed using 10 μM 2, with the solid tracing being 0.75 μg/mL and broken tracing 1.5 μg/mL TG reactions. The left and right ordinates represent respectively, the fluorescence emission from 1 and 2 plasmonic fluorescent nanocomposites. The concentration of 10 nm AuNPs-SA was 2.4 × 10 J-aggregation of 1 and 2 upon 10 nm AuNPs-SA scaffold was nearly instantaneous (1 to 2.5 min post-addition of the dye). This is critical to HTS where the speed of enzyme catalysis and the speed of the detection platform both impact the screening of hundreds of thousands of lead compounds during drug discovery. 9 Due to the non-specific increase in background fluorescence of the 2 monomer, the S/B of 2 plasmonic fluorescent nanocomposites degrades over time. 3 Therefore, we measured the fluorescence emission from both 1 and 2 nanocomposites immediately after adding the dyes, thereby enabling "mix-and-measure" detection, a clear advantage in HTS assays. 9 We next determined the TG enzyme kinetics to confirm that our assay was indeed compatible with HTS conditions encountered during drug discovery (Fig. 4) . Even though these experiments were carried out using 384-well plates for HTS compatibility, we used manual pipetting of reagents. Consequently, reaction kinetics was conducted at room temperature (~25 C) in order to minimize temperature fluctuations between the various timed pipetting steps. To ensure complete inactivation of TG after removing the reaction mixtures at timed intervals, the wells were filled with 120 μL of 25 mM EDTA (a potent inhibitor of TG) 4, 5 while companion reactions of longer time periods were proceeding. Given the difficulties of manual pipetting in 384-well plate, 2.5 min was the minimum time point at which TG activity could be reliably detected with linear (r 2 , 0.84 to 0.99) kinetics up to 10 min at all concentrations of TG (probed using 1 or 2). As before, the fluorescence intensity from 2 nanocomposites was ~10-fold lower than 1 nanocomposites for comparable concentrations of TG (Fig. 4) .
Our data are similar to a previously reported radioisotope assay with linearity between 2 to 10 min, 14 except that our assay avoided radioactive chemicals. Clearly, 2.5 min reaction is within the time frame of HTS environment. 17, 18 This is especially relevant in the context of a 15-min reaction using ~25 μg/mL TG being described as a "rapid transglutaminase assay". 19 The kinetics also compared favorably with the reported reaction times of 5 to 20 min used with fluorescent or radioactive assays. 7, 13, 15, 20 Other published TG assays based on scintillation proximity or ammonia formation involved progress curves over the course of several hours.
21,22
Assay simplification
An important consideration while transitioning assays to HTS is design simplicity. 9 A single set of TG reactions probed sequentially with one cyanine dye after another is simple and efficient. Duplicate sets of reactions, solely for the purpose of probing with two different cyanine dyes, is a wasteful expenditure of time, effort and reagents.
We therefore determined whether one type of plasmonic fluorescent nanocomposites could be displaced, followed by the same reaction wells interrogated using the second type of nanocomposites. We accomplished this by sequential addition of 1 and 2 or vice versa (2 followed by 1). Signal strength and TG dose-response tracings were nearly super-imposable when the reaction wells were probed using 2 independently (Fig. 5 , closed circles) or by probing with 1 first, displacing the 1-nanocomposites by washing the wells, and re-probing with 2 ( Fig. 5, closed squares) . However, probing the reaction wells using 2 first followed by 1, led to diminishing fluorescence (Fig. 5, open squares) . Sequential interrogation of the reactions was therefore unidirectional, i.e., 1 followed by 2, and not the other way around (2 followed by 1) . Clearly, probing the reactions with 2 first, interfered with the subsequent formation of 1 nanocomposites. Assay simplification is still possible by Fig. 4 Kinetics of TG activity. TG catalysis was carried out in 384-well white plates over the indicated time periods and then probed using plasmonic fluorescent nanocomposites of 1 or 2. The solid, broken and dotted tracings are from crosslinking by 1.25, 2.5 and 5.0 μg/mL TG, respectively. Open and closed circles represent TG catalysis probed using 25 μM cyanine 1 (left ordinate) and 10 μM cyanine 2 (right ordinate), respectively. The concentration of 10 nm AuNPs-SA in all reactions was 2.4 × 10 10 /mL. The concentrations of BP and DMC were 0.5 mM and 2.5 mg/mL respectively, in all reactions. probing the reactions with 1 first, followed by 2 nanocomposites, thereby eliminating the need for carrying out two sets of reactions, resulting in decreased cost, time and reagents consumption, whilst probing with the two dyes. The present format is of similar design simplicity when compared to previously published TG HTS assays. 7, 16, 19, 20 From the data of Fig. 5 , we determined the sensitivity of the TG assay. The linear dynamic range was similar with both 1 and 2 nanocomposites (0.1 to 5 μg/mL; r 2 = 0.98 to 0.99; Fig. 5 , inset). The limits of detection and quantitation (LOD, LOQ) 9 of TG were 0.1 and 0.75 μg/mL with 1 nanocomposites and 2 and 10 μg/mL TG with 2 nanocomposites, confirming the superior performance of 1 nanocomposites (5 ng TG) relative to 2 (100 ng TG). Using a molecular mass of 80 kDa for TG, 5 we estimated the LOD to be 64 fmol (5 19 TG dose-response was also comparable to earlier reports of 0.2 to 1.6 μg/mL of a 14 C-putrescine assay, 20 2 to 16 μg/mL using a fluorescent dot-blot assay, 20 and 0.1 to 0.8 μg/mL with an absorption assay. 7 
Absorption assay
We finally examined the red-shifted absorption consequent to J-aggregation of 1 or 2 on 10 nm AuNPs-SA scaffold 2,3 for probing TG catalysis.
Orthogonal signaling (absorption, fluorescence) will improve assay specificity since the fundamental principles of interrogation are unique to each technique and independent of one another. 9 Using clear plates enables both absorption and fluorescence signaling within a single plate format. The results showed that absorption is a useful albeit less sensitive tool for examining TG catalysis with 1 and 2 plasmonic nanocomposites (Fig. 6) . The LOD values for absorption assays were estimated to be 5 μg/mL (500 ng or 6.4 pmol TG) with both 1 and 2 nanocomposites (Fig. 6) .
Conclusions
We demonstrated an application of plasmonic fluorescent nanocomposites for the HTS of TG activity. TG has been implicated in neurodegenerative diseases and inhibitors against its activity have been screened. 23 HTS is widely used in pharmaceutical industries during drug discovery for screening hundreds of thousands of (enzyme) inhibitors. 9 Compound library screening is enabled by assays employing orthogonal signal detection as demonstrated in this paper with multi-wavelength absorption and fluorescence. Orthogonal interrogation improves assay specificity and robustness by minimizing false positives. Ratiometric measurement, which involves signaling from different wavelengths, also minimizes errors from interferences of fluorescence quenching and other environmental effects such as the drug's interactions with fluorophor rather than the target, i.e., the enzyme, thereby eliminating difficulties associated with single wavelength measurements. 24, 25 Two different plasmonic fluorescent nanocomposites reported herein will facilitate the aforementioned types of analyses. The red-shifted absorption and fluorescence, especially the >650 nm emission from 2 nanocomposites, is beneficial for minimizing the blue-green autofluorescence intrinsic to biological samples and thereby improves assay specificity. 15, 26 Cyanine J-aggregates can also be detected through electrochemistry. 2, 27 Alternate methods might be to measure the localized surface plasmon resonance (LSPR) of AuNPs, 1, 3 or detect AuNPs using electrochemistry or surface enhanced Raman spectroscopy (SERS). 1 We are also currently adapting this HTS format to "sandwich" immunoassays via biotin-streptavidin interactions. Such applications will enable the use of plasmonic fluorescent nanocomposites for novel chem-bio-sensors development.
